Introduction
The Drosophila visual system has emerged as a paradigm for characterizing the molecular mechanisms underlying phototransduction and retinal degeneration (reviewed in Pak, 1995; Montell, 1999) . The common features between Drosophila and mammalian visual transduction include the employment of a number of key related molecules, such as rhodopsin, arrestin and heterotrimeric G-proteins. Both systems also display a high gain, rapid activation, sensitivity to light intensities that vary over many orders of magnitude and rapid adaptation (reviewed in Montell, 1999) . However, in fly phototransduction, the effector of the G-protein is a phospholipase C rather than a phosphodiesterase (Bloomquist et al, 1988) , and the cascade culminates with the opening of the light-sensitive cation channels, TRP, TRPL (reviewed in Montell, 1999) and TRPg (Xu et al, 2000) . Although the latter events in Drosophila visual transduction diverge from mammalian vision, they share important features with many other signaling cascades that utilize phosphoinositide signaling.
Many questions remain concerning Drosophila phototransduction, which are also relevant to mammalian phototransduction. These include the mechanisms mediating termination of signaling, adaptation and light-dependent targeting of proteins in photoreceptor cells. The molecular mechanisms underlying retinal degeneration are also incompletely understood, although Drosophila has provided important insights into the bases of certain types of retinal dystrophies. An additional phenomenon common between mammals and Drosophila is downregulation of rhodopsin in response to intense or continuous light (reviewed in Minke and Selinger, 1992; Penn and Anderson, 1992) , although the proteins participating in this effect are unknown. Therefore, there remains considerable potential in using Drosophila genetics to identify additional genes that function in a variety of processes in photoreceptor cells.
Although many Drosophila loci have been characterized that function in phototransduction, or are associated with retinal degeneration, the forward genetic screens have fallen short of saturation. Therefore, in a few cases, mutations have been created in candidate retinal genes through a reverse genetics approach, which involved screening for protein nulls on Western blots (Dolph et al, 1993) . During the last few years, there have been advances that have improved the ease of performing reverse genetics. These include the establishment of large collections of transposable element insertion lines, which provide the potential for generating mutations in flanking genes. Methods for homologous recombination have been developed (Rong and Golic, 2000) and an approach for effectively using RNAi in Drosophila photoreceptor cells has been described (Kalidas and Smith, 2002) . Therefore, it is now feasible to perform reverse genetics more rapidly and on a larger scale than formerly possible.
A key problem with conducting large-scale reverse genetics is the establishment of reliable criteria for identifying genes likely to be associated with phototransduction or retinal degeneration without a bias toward genes already implicated to function in these processes. In an effort to do so, we have taken advantage of the observation that nearly all of the known mutations in the fruitfly that impair the visual response or cause age-dependent retinal degeneration (15 out of 16) disrupt genes whose expression is highly enriched in the eye (Hyde et al, 1990; Montell, 1999) .
In the current work, we conducted a comprehensive microarray analysis to identify all of the eye-enriched genes among the 13 601 genes annotated by the Drosophila Genome Projects (Adams et al, 2000) . This screen appeared to be effective as all 22 eye-enriched genes, known or strongly implicated to function in phototransduction or that are required to prevent retinal degeneration, emerged in this analysis. Furthermore, the screen led to the identification of 93 eye-enriched genes, which were not known or predicted to participate in retinal function. Among these genes was a locus encoding an eye-enriched tetraspanin, which we refer to as sunglasses (sun).
Tetraspanins consist of four transmembrane segments and comprise a large family in flies and humans, although the functions of most tetraspanins are unknown (Maecker et al, 1997; Todres et al, 2000) . Among the 37 tetraspanins encoded in the Drosophila genome, a function has been unambiguously ascribed to only one, late-bloomer, which participates in synapse formation (Kopczynski et al, 1996) . We found that a null mutation in sun caused light-dependent retinal degeneration. In contrast to all other proteins known to be associated with retinal degeneration, Sun was enriched in the lysosomes, suggesting that it functions in protein degradation. One protein, which could potentially undergo Sunregulated degradation, is rhodopsin as exposure to intense or continuous light results in a decrease in rhodopsin concentration; however, the proteins mediating this effect have not been described. Here, we report that Sun is required for efficient light-induced downregulation of rhodopsin. Given that there are mammalian lysosomal associated tetraspanins (Fukuda, 1991) , we propose that light-dependent downregulation of mammalian rhodopsin (Penn and Anderson, 1992) may be dependent on a tetraspanin related to Sun.
Results

Comprehensive screen for eye-enriched genes
To identify new candidate loci required for the physiology of photoreceptor cells, we conducted a comprehensive, genomewide screen for eye-enriched genes in Drosophila using DNA microarrays. To perform this analysis, we isolated RNA from the heads of wild-type (wt) flies, from the heads of an eyeless mutant (sine oculis; so) and from wt bodies. Biotinylated cRNAs were probed with microarrays corresponding to the complete set of 13 601 genes cataloged by the Drosophila Genome Project.
A total of 128 genes were identified in the microarray analysis (wt head/so head ratios X2.0), 93 of which were not previously known to be eye enriched. In all, 78 of these genes had not been characterized previously either at the molecular or genetic level (Table 1; Supplementary Table 1) , and 14 corresponded to known genes that had not been analyzed in the context of retinal degeneration or phototransduction (Table 1 , indicated by a). It was likely that most or all of the eye-enriched genes annotated in the Drosophila genome were identified since all 22 genes that were previously known to be eye enriched and which have been implicated in phototransduction/retinal degeneration were detected in this analysis (Table 2) . Only one gene previously associated with retinal degeneration or phototransduction, rdgB, displayed a minor level of eye enrichment (wt head/so head ratio ¼ 1.3), consistent with prior studies (Vihtelic et al, 1991) . In addition, 13 genes corresponded to loci known to function in processes in the eye other than phototransduction (Supplementary Table 2 ). Comparison of the chromosomal map positions of the 128 eye-enriched genes did not reveal significant clustering in the genome. The greatest concentration of eye-enriched genes consisted of 11, which spanned 92B2-94F14 on the third chromosome.
To provide additional evidence to support the GeneChip data, we performed Northern blots and in situ hybridizations to adult heads using probes corresponding to selected genes. We found that there was strong agreement between the Northern blot, in situ hybridizations and microarray data (Figures 1A and B; Supplementary Table 3) . Thus, the current microarray analysis appears to have identified all of the eyeenriched genes annotated by the genome project. This was in contrast to a microarray analysis in which a subset of Drosophila genes (29.6%) was surveyed for targets of the transcription factor Eyes-Absent (EYA) (Arbeitman et al, 2002) . Among those known eye-enriched genes, which were included on their GeneChips, over half were missed in their analysis (for more details, see the legend to Supplementary Table 2). Although this study purports to identify eye-enriched genes, EYA is also abundantly expressed in the ovary and affects female fertility (Bonini et al, 1998) . As RNA was prepared from whole flies, rather than isolated heads, many of the identified genes (Arbeitman et al, 2002) were likely to be regulated by EYA in the ovary rather than in the eye. In fact, four of the EYA targets are bodyenriched and only five appear on the list of novel eyeenriched genes identified in the current analysis (see the legend to Supplementary Table 2) .
Classifications of eye-enriched genes
The 93 eye-enriched genes identified here encode multiple classes of proteins whose roles in visual physiology were either poorly understood or completely unknown (Table 1) . Examples include proteins, which may have roles in detoxification, such as a glutathione transferase-related protein and a methionine sulfoxide reductase. In addition, there were three short-chain dehydrogenase-like proteins, which might function either in detoxification or synthesis of the retinal. At least nine genes encode proteins that appear to function in post-translational modifications ranging from phosphorylation to ubiquitination, removal of N-terminal methionines, glycosylation and lipid modification. Three eye-enriched genes were related to proteins that regulate proteolysis. These included two protease inhibitor-like proteins and one protein related to serine-type proteases. Five novel eye-enriched proteins may function in lipid metabolism, several of which may regulate the production of lipid second messengers. This latter group includes a phosphatidic acid phosphatase, a CDP-DAG-inositol 3-phosphatidyltransferase and a protein related to a phospholipase A2 inhibitor. In addition, there was a protein related to the LDL receptor. One of the most highly eye-enriched genes encoded a protein related to junctophilin, a protein that has been implicated in Ca 2 þ signaling (Takeshima et al, 2000) . Other examples of novel eye-enriched genes include two uncharacterized Rab-related proteins, which may function in protein or vesicle transport. There were at least seven genes, which were not formerly known to be eye enriched, that encoded proteins likely to have roles in synaptic function. In addition, there were two eye-enriched genes encoding cation transporters.
Retinal degeneration in sun 1 flies
Included among the eye-enriched genes was a member of a large family of tetraspanins (Todres et al, 2000) . Given that the functions of many such proteins are poorly characterized, we set out to determine the phenotype of disrupting the eyeenriched tetraspanin, which we refer to as sunglasses (sun).
As with other tetraspanins, Sun is characterized by four predicted transmembrane segments, a large extracellular domain between the third and fourth transmembrane segments and key residues conserved among most tetraspanins ( Figure 2A ) (Maecker et al, 1997) . The tetraspanin most similar to Sun was a mammalian lysosomal protein, CD63/ LAMP3/LIMP1 (Fukuda, 1991) (Figure 2A ). Consistent with the microarray data, we found, on the basis of Northern blots ( Figure 1B ; Supplementary Table 3; CG12143) and in situ hybridizations ( Figure 1A ; CG12143), that the sun RNA was concentrated in the retina.
To obtain a mutation in sun, we mobilized a P-element, which inserted near the 5 0 end of sun ( Figure 2B ), since the original element did not exhibit any visual physiology defect (data not shown). To identify a deletion of sun, we screened pools of genomic DNA by PCR (see Materials and methods and Figure 2B ). One excision line (sun 1 ) contained a 1.8 kb deletion, which removed nearly half of the region encoding Sun ( Figure 2B ). We raised anti-Sun antibodies and found that expression of the Sun protein was eliminated in sun 1 and The expression ratios and RELs are presented along with the SEs. Figure 1C ). We examined whether sun 1 flies exhibited retinal degeneration using an assay on intact fly heads, the optical neutralization technique ( Figure 2C ) (Franceschini and Kirschfeld, 1971) . The fly compound eye consists of B800 ommatidial units, each of which contains eight photoreceptor cells, although only seven are present in any given plane of section. The photoreceptor cells include a microvillar structure, the rhabdomere, which is the site of phototransduction.
Flies were either maintained under a normal light/dark cycle or kept in the dark, and the average number of rhabdomeres per ommatidium was assessed. In wt ommatidia, seven rhabdomeres were detected regardless of the age of the flies or light conditions ( Figures 2C and D) .
We found that sun 1 flies exhibited light-and age-dependent retinal degeneration. In mutant flies that were incubated in the dark, there was relatively little reduction in rhabdomere number as the flies aged ( Figure 2D ). However, sun 1 flies maintained under a light/dark cycle exhibited a gradual loss of rhabdomeres ( Figure 2D ). To confirm these data, we used transmission EM. While sections of 4-week-old wt ommatidia displayed seven rhabdomeres, few (0-4 rhabdomeres/ommatidia) were detected in sun 1 exposed to a light/ dark cycle ( Figure 2E ). In contrast to most known retinal degeneration mutants in Drosophila, which display the initial defects in the rhabdomeres, the degeneration in sun photoreceptor cells was first evident in the cell bodies (data not shown). The full complement of rhabdomeres was restored in sun 1 flies containing the sun genomic or cDNA transgenes ( Figure 2E ). The retinal degeneration was significantly suppressed either in a genetic background (ninaE P332 ), which greatly reduced the concentration of the major rhodopsin, or upon introduction of a transgene that expressed Baculovirus P35, a broad-spectrum caspase inhibitor ( Figure 2D ).
Sun is a lysosomal-enriched protein
To address the function of Sun, we examined the expression pattern of the protein, initially using a biochemical approach. The Sun protein appeared to be expressed predominantly in photoreceptor cells, as it was eliminated in a mutant, glass, which does not form photoreceptor cells ( Figure 1C) . Sun was present in rdgA flies, which were devoid of rhabdomeres due to degeneration ( Figure 1C ), indicating that a significant proportion of the Sun pool was present in the cell bodies. However, Sun did not appear to be specific to the cell bodies as there was a small but reproducible decrease in Sun levels in rdgA. The anti-Sun antibodies did not recognize Sun in sections of compound eyes. Therefore, to examine the subcellular distribution of Sun, we generated transgenic flies expressing a Myc-tagged version of Sun (P[w þ ;c-sun]). The Myc-Sun protein was functional in vivo as it largely rescued the Sun mutant phenotype ( Figure 2E ). Consistent with the Western blot data, the anti-Myc staining was detected primarily in a punctate pattern in the cell bodies ( Figures 3A-C) . A small amount of labeling was detected near the base of some rhabdomeres ( Figure 3C) . Only a low level of background staining resulted from using anti-Myc antibodies on sections of nontransgenic flies and this staining was primarily associated with the extracellular central matrix (Figures 3D-F ).
Immunolocalization at the EM level confirmed that the anti-Myc staining was within vesicles in the cell bodies. No immunoreactivity was detected in the nucleus or mitochondria ( Figures 3M and N) . Given that the tetraspanin most related to Sun, CD63, is a lysosomal protein, we considered whether Sun is also present in lysosomes. However, it is not possible to unequivocally identify lysosomes in these preparations due to an absence of multilamellar structures after the fixation and staining protocol. Nevertheless, the Myc-Sun positive vesicles appeared as dense bodies, reminiscent of structures previously described as lysosome-like and Table 3 ). *The order of the SH and WB samples probed with the CG15406 DNA was reversed relative to the other samples. The filters were reprobed with rp49, demonstrating that the RNA loading in each lane was similar (data not shown). (C) The Sun protein was enriched in photoreceptor cells. Anti-Sun antibodies were used to probe a Western blot containing Triton X-100 soluble proteins extracted from the indicated 1-day-old flies (except for 7-day-old rdgA). The lower 15 kDa protein of unknown identity cross-reacted with the anti-Sun antibodies. This band provided an internal loading control. (Suzuki and Hirosawa, 1991) . To address whether Sun was localized in lysosomes, we expressed a YFP-tagged version of Sun in tissue culture cells. In contrast to the wide distribution of YFP alone ( Figures 3J-L) , YFP-Sun displayed a punctate pattern that colocalized with a lysosomal/late endosomal marker, LysoTracker (Figures 3G-I ). There was also significant colocalization of Sun with the lysosomal protein LAMP1 (Supplementary Figures 1A-C) . A small proportion of the YFP-Sun pool colocalized with an endosomal marker, RhoB (Supplementary Figures 1D-F) . Additional evidence that Sun is primarily a lysosomal protein is presented below.
Defects in light-dependent turnover of rhodopsin in sun 1
The spatial distribution of Sun suggested that it might be involved in the turnover of a photoreceptor cell protein. Therefore, we compared the concentrations of a variety of proteins in wt and sun 1 heads. Young flies were used in these experiments, which did not exhibit any significant age-and light-dependent degeneration due to the sun 1 mutation. The flies were either maintained in ambient light or exposed for 6 h to bright blue light, which stably converts rhodopsin to the light-activated metarhodopsin. We found that the levels of the photoreceptor cell enriched proteins, TRP, INAD and the rhodopsin binding protein Arrestin2, were similar in wt and sun 1 flies, regardless of the light conditions ( Figure 4A ). The major rhodopsin (Rh1) was an excellent candidate for degradation through a Sun-dependent pathway since it is the only photoreceptor cell protein reported to undergo downregulation in response to continuous bright light (reviewed in Minke and Selinger, 1992) . In wt photoreceptor cells challenged for 6 h with blue light, the level of rhodopsin was greatly reduced (Figures 4A and B ; 3175% of wt levels). This reduction in Rh1 levels was similar in the arrestin2 mutant (data not shown), which was unexpected given that downregulation of G-protein-coupled receptors (GPCRs) typically occurs through an arrestin-dependent mechanism (Claing et al, 2002) . This suggested that there was a mechanism for bright light-dependent downregulation of Rh1, in addition to clathrin-mediated endocytosis of Rh1/arrestin complexes (Alloway et al, 2000; Kiselev et al, 2000) . Of primary significance here, the reduction in Rh1 concentration resulting from exposure to continuous bright blue light was suppressed to a significant extent in sun 1 (Figures 4A and B; 82718% ). The combination of these data suggests that Sun participates in the turnover of Rh1 through promoting its degradation in lysosomes.
We found that most of the Rh1 pool in the cell bodies colocalized with the Sun-containing vesicles in photoreceptor cells (Figures 3M and N) . Evidence that the Rh1-containing vesicles in photoreceptor cells are lysosomes is presented below. Rh1 appeared to associate with Sun in vivo as Rh1 was detected in immune complexes after performing immunoprecipitations (IPs) with anti-Sun antibodies ( Figure 4C ). Another abundant membrane protein, TRP, did not co-IP with Sun (data not shown). We did not detect Rh1 after performing IPs with anti-Sun from sun 1 extracts or after using preimmune serum and wt extracts ( Figure 4C ).
Light-dependent lysosomal localization of Rh1 in isolated ommatidia
To characterize the mechanism through which Sun contributes to light-dependent degradation of Rh1 in greater detail, we attempted to recapitulate the phenomenon in isolated ommatidia. To facilitate this analysis, we examined the relative concentrations and localization of GFP-Rh1 in young wt and sun 1 photoreceptor cells, before and after exposure of the isolated ommatidia to bright blue light. After exposing isolated ommatidia to blue light for 4 h, the concentration of rhodopsin was decreased ( Figures 4D  and E) .
To examine the effects of light on the distribution of GFPRh1, we examined GFP staining in ommatidia after a 1.5 h exposure to blue light, prior to when there is a dramatic decrease in the overall concentration of GFP-Rh1. In ommatidia incubated in the dark, the GFP-Rh1 was present almost exclusively in the rhabdomeres ( Figure 5A ). After the blue light exposure, GFP-Rh1 was also detected in many puncta in the cytoplasm ( Figure 5B ). Many of these puncta corresponded to lysosomes as there was significant overlap between GFP-Rh1 and LysoTracker (Figures 5B-E) . Since after exposure to bright light GFP-Rh1 is detected in the cell bodies, primarily in lysosomes, and since Sun and Rh1 colocalize in vesicles ( Figures 3M and N) , these data further support the conclusion that Sun is a lysosomal protein.
Additional evidence that lysosomes participated in the bright light-induced degradation of Rh1 was that the light-dependent degradation of Rh1 was significantly suppressed by a lysosomal inhibitor, but unaffected by a proteasomal inhibitor ( Figures 4D and E) .
To determine whether there was a decrease in the localization of Rh1 in sun 1 lysosomes, we examined the distribution of LysoTracker and GFP-Rh1 in ommatidia isolated from young sun 1 flies, prior to any apparent retinal degeneration. The sun 1 and wt photoreceptor cells contained a similar number of lysosomes, indicating that Sun was not required for lysosomal biogenesis (Supplementary Figure 2) . Of significance here, we found that the overlap between LysoTracker and GFP-Rh1 was significantly reduced in sun 1 ( Figures 5G-J) , consistent with the conclusion that Sun facilitates targeting or entry of Rh1 into lysosomes. In sun 1 photoreceptor cells, the GFP-Rh1 staining was also detected in an extensive array of large loops emanating from the rhabdomeres ( Figures 5G, I and J). Such loops, which were fewer in number and much smaller in wt ( Figure 5E ), appeared to correspond to invaginations of the rhabdomeral membrane, which are dynamically produced in wt in a lightdependent manner (Kosloff et al, 2003) .
Discussion
Comparison of eye-enriched genes in flies and mammals
The prime motivation for performing the microarray study was to identify candidate loci that participate in phototransduction or which would provide new insights into retinal dystrophies. In support of the efficacy of the microarray analysis, all 22 of the known eye-enriched genes, which function or have been implicated to function in retinal degeneration or phototransduction, emerged in this study. Furthermore, there was excellent concordance between the GeneChip, Northern blot and in situ hybridization data.
In addition to the known eye-enriched genes, 93 genes were identified that encode multiple classes of proteins whose roles in visual physiology were either poorly understood or completely unknown. Many of these genes fall into the same classes as those reported in an analysis of rodenriched genes in the mouse (Blackshaw et al, 2001) . A large class encodes proteins that function in post-translational modifications, which includes related ubiquitin hydrolases and similar glycosyltransferases. Another group consists of eye-enriched genes that encode proteins that may be involved in redox control and/or detoxification. These proteins may be present to reduce the deleterious effects resulting from oxidative stress in photoreceptor cells. An eye-enriched DNA repair protein, Mre11, may also be present to limit chromosomal damage induced by intense illumination. Similar mechanisms for controlling oxidative stress and light-induced damage may exist in flies and mammals as functionally related glutathione peroxidase and DNA repair proteins are enriched in rod cells (Blackshaw et al, 2001) .
Several genes encoding proteins that function in proteolysis were eye enriched in both Drosophila and the mouse. In addition to light-dependent downregulation of rhodopsin, these proteins might control the levels of photoreceptor cell proteins that oscillate during the circadian cycle. Ten eye-enriched RNAs oscillate during the circadian cycle (Claridge-Chang et al, 2001; McDonald and Rosbash, 2001) , including the ubiquitin hydrolase, which is similar to the rodenriched protein (Blackshaw et al, 2001 ). In addition, protein degradation may be essential for the elimination of damaged proteins generated during metabolic stress (reviewed in Penn and Anderson, 1992) . Regulated removal of such damaged proteins could provide a mechanism to limit the accumulation of inactive proteins, which might lead to photoreceptor cell death.
Several other classes of formerly unrecognized eye-enriched genes in flies were also represented among the mammalian rod-enriched genes. These included genes encoding proteins involved in synaptic function, the regulation of cell death and lipid metabolism. This latter category was expected to be included among the Drosophila eye-enriched genes as fly phototransduction utilizes phosphoinositide signaling. However, the second messenger in mammalian phototransduction is cGMP. A regulatory role for phosphoinositides, which may be common between mammalian and Drosophila photoreceptors, may be the light-dependent movement of proteins, as occurs for Drosophila visual arrestin (Lee et al, 2003) . Thus, despite the striking differences in morphology and second-messenger systems, the similarities in classes of proteins between the fly and mammalian visual systems may reflect similar mechanisms for dealing with light-dependent and oxidative damage, rapid signaling, light-dependent protein translocation and circadian rhythm.
Requirement for Sun for downregulation of rhodopsin and to prevent light-dependent retinal degeneration
In the current work, we focused on sun, since it was the only eye-enriched member of a particularly large family of transmembrane proteins, many of which are poorly characterized. We found that mutation of sun resulted in light-and agedependent retinal degeneration. To address the normal function of Sun in wt photoreceptor cells, we first examined the spatial distribution of the protein. We found that Sun was expressed in lysosomes, suggesting that it might play a role in the degradation of one or more photoreceptor proteins. In support of this possibility, we found that the light-induced degradation of Rh1 was reduced in a sun 1 background. Moreover, Rh1 and Sun appeared to colocalize in lysosomes and formed a complex in vivo. Therefore, an attractive model is that Sun is required for light-dependent downregulation of rhodopsin by promoting its degradation in lysosomes.
The model presented here is consistent with findings that other GPCRs are internalized and then targeted either to lysosomes or recycling endosomes in response to strong or prolonged exposure to their agonists (reviewed in Ferguson, 2001 ). Rh1 may normally be internalized and degraded in lysosomes to downregulate the concentration of the receptor in the presence of intense or constant light, in a manner similar to agonist-induced downregulation of most GPCRs. Upon exposure to bright continuous light, there were large invaginations of the rhabdomeral membrane, which were detected in sun but not wt ommatidia. These large invaginations might accumulate in sun photoreceptor cells due to a requirement for Sun for efficient transfer of Rh1 from these rhabdomeral invaginations to MVBs and subsequently to lysosomes. In the absence of transfer of Rh1-containing membranes to the MVB/lysosomal pathway, the invaginations may increase in size and accumulate. These data raise the possibility that a defect in the downregulation of activated receptors and accumulation of membrane invaginations may underlie the light-dependent retinal degeneration that occurs in sun 1 mutants. The requirement for Sun is distinct from that of two other tetraspanins that are expressed in the disk rims of mammalian photoreceptor cells, peripherin/rds and rom-1, and appear to be structural proteins (Travis et al, 1991; Bascom et al, 1992) . Additional tetraspanins may be situated in intracellular compartments of a variety of cell types, including mammalian photoreceptor cells, and function in agonistdependent protein degradation. Given that the tetraspanin that is among the most related to Sun (CD63) is present in late endosomal and lysosomal membranes (Fukuda, 1991) , we propose that other tetraspanins may interact with and participate in the downregulation of other GPCRs.
Materials and methods
RNA preparation, hybridization to Drosophila genome arrays, scanning and staining Detailed descriptions of the methods that we used to prepare the RNA samples (P-MEXP-2143) and labeling of the cRNAs (P-MEXP-2178) have been deposited in The European Bioinformatics Institute ArrayExpress database (http://www.ebi.ac.uk/arrayexpress). Hybridization, scanning and analysis of Affymetrix Drosophila genome arrays were performed according to the manufacturer's instructions. The annotation for the probe set is available at http:// www.affymetrix.com/products/arrays/specific/fly.affx. Biotinylated oligonucleotide (B2) and bioB, bioC, bioD and cre control cRNAs, which were supplied by Affymetrix, were spiked into each sample. The hybridization cocktail consisted of 20 mg of fragmented biotinylated cRNA (final concentration: 0.07 mg/ml), control oligonucleotide B2 (50 pM), control cRNAs bioB, C, D and cre (1.5, 5, 25 and 100 pM, respectively), herring sperm DNA (0.1 mg/ml), acetylated BSA (0.5 mg/ml) and hybridization buffer (100 mM MES, 1 M sodium, 20 mM EDTA, 0.01% Tween 20 in a total volume of 300 ml). The cocktail was heated to 991C for 5 min before hybridization. The Affymetrix Fluidics Station and Scanner were both controlled by the Affymetrix Microarray Suite version 4 software (MAS4.0) using the default protocols and parameters throughout. The arrays were stained with streptavidin phycoerthyrin (SAPE) solution and scanned once. A second stain was then performed with a biotinylated antibody and visualized with SAPE. The image resulting from this second scan was further analyzed with MAS4.0. The samples were then hybridized to the array for 16 h at 451C in a rotating oven. Three independent RNA samples were analyzed for each sample group.
Analysis of microarray data
A slight variation of the MAS4.0 algorithm was used to calculate expression values for each probe set as described below. The background subtraction was as described for MAS4.0. The expression values reported are essentially the same as the MAS4.0 'average difference' expression metric, except that any probe pairs in a probe set excluded as outliers in a sample (using the MAS4.0 criteria of 3 s.d. from the mean of the probe set) were excluded uniformly from all of the arrays when calculating the fold changes. This uniform masking of outliers is the only way in which the analysis algorithm varies from the standard MAS4.0 software. Each array was scaled (normalized) as in the MAS4.0 algorithm so that the trimmed mean (mean of the middle 96%) expression value for each array was 150. The expression levels for each of three pairs of samples in each group were used to compute the ratio and expression level changes for each probe set. The standard errors for the absolute values and ratios are presented in Tables 1 and 2 and  Supplementary Tables 1 and 2 . The complete set of microarray data has been deposited in the EBI ArrayExpress database.
Verification of microarray results
Selected eye-enriched genes with different enrichment ratios were used to probe Northern blots. The band intensities were quantitated using a Fuji PhosphoImager (MacBACV2.5 software). In situ hybridizations on sections of adult fly heads were performed as described (Schaeren-Wiemers and Gerfin-Moser, 1993) using digoxigenin-labeled RNA probes.
Generation of a sun mutant
The w þ P-element insertion, EP(2)2425, which was used to generate the deletion in sun by imprecise excision of the P-element, inserted 128 base pairs 5 0 from the transcription start site of CG12143 (sun) predicted by the BDGP. EP(2)2425 was mobilized by genetically introducing transposase using the D2-3 line (Robertson et al, 1988) . In all, 93 individual w À excision chromosomes were placed over a deficiency that spanned sun (Df(2R)Drl[rv25]). Genomic DNAs were combined into 18 pools and screened for deletions that removed sun by PCR. Individual DNAs in the positive pools were rescreened by PCR and the deletions were confirmed by DNA sequencing.
Transgenic flies A 5.0 kb sun genomic DNA fragment (nucleotides 37586-42771 in AE003842) was generated by PCR and subcloned into the pCaSpeR4 vector (Thummel and Pirrotta, 1992) . This clone, which included 1.5 and 1.0 kb 5 0 and 3 0 of the sun gene, was sequenced to confirm that there were no mutations in the sun coding region. The sun cDNA, which was fused to an N-terminal Myc tag, was linked at the 5 0 end to the ninaE (Rh1) promoter and the ninaE 3 0 UTR and subcloned into pCaSpeR4. The constructs were injected into w 1118 embryos and the resulting transgenes were genetically introduced into w 1118 ;sun flies.
Production of anti-Sun antibodies
A GST fusion protein was generated (pGEX5X-1 vector, Pharmacia), which included the region corresponding to the loop between transmembrane segments 3 and 4 (residues 99-187) and the Cterminus (residues 206-227) of Sun. The fusion protein was fractionated by SDS-PAGE, electroeluted as described and injected into rabbits (Covance).
Localization of Sun
Immunofluorescence staining of 0.5 mm sections of P[w þ ;Rh1::myc::sun];cn bw compound eyes was performed as described (Li and Montell, 2000) using rabbit polyclonal anti-Myc antibodies. To perform the immunostaining at the EM level, compound eyes from 6-day-old w;P[w þ ;Rh1::myc::sun] flies were fixed, embedded in LR White, thin-sectioned and immunolabeled as described (Tsunoda et al, 2001 ). The double labeling was performed using mouse anti-Rh1 monoclonal antibodies and rabbit anti-Myc primary antibodies and 15 nm colloidal gold-conjugated anti-rabbit IgG and 5 nm colloidal gold-conjugated anti-mouse IgG secondary antibodies. The immunolabeled sections were stained with 1% aqueous uranyl acetate for 30 s and examined using a JEM 1200EX electron microscope. To determine the localization of Sun in tissue culture cells, HEK cells were transfected with pcDNA3-yfp or pcDNA3-yfp::sun. In some experiments the cells were subsequently loaded with LysoTracker Red DND-99 (Molecular Probes). Confocal images were acquired using an UltraView LCI System (PerkinElmer).
